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ABSTRACT Wearable antennas have gained much attention in recent years due to their attractive features 
and possibilities in enabling lightweight, flexible, low cost and portable wireless communication and sensing.  
Such antennas need to be conformal when used on different parts of the human body, thus need to be 
implemented using flexible materials and designed in a low profile structure. Ultimately, these antennas need 
to be capable of operating with minimum degradation in proximity to the human body.  Such requirements 
render the design of wearable antennas challenging, especially when considering aspects such as their size 
compactness, effects of structural deformation and coupling to the body, and fabrication complexity and 
accuracy. Despite slight variations in severity according to applications, most of these issues exist in the 
context of body-worn implementation. This review aims to present the different challenges and issues in 
designing wearable antennas, their material selection, and fabrication techniques. More importantly, recent 
innovative methods in back radiations reduction techniques, circular polarization (CP) generation methods, 
dual polarization techniques and providing additional robustness against environmental effects are first 
presented. This is followed by a discussion of innovative features and their respective methods in alleviating 
these issues recently proposed by the scientific community researching in this field. 
 
INDEX TERMS Wearable devices, Internet of Things (IoT), wearable antennas, flexible, reconfigurable 
antennas, energy harvesting for wearable devices, Specific Absorption Rate(SAR).
I. INTRODUCTION 
The Fifth Generation (5G) network is a promising 
technology which will not only fulfill this exponentially 
increasing data rate requirement for mobile terminals, but 
also will enable integration with various services [1]. The 
overview of different technologies used in future 5G networks 
can be seen in Figure 1. 
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FIGURE 1 Overview of the different technologies used in future 5G networks[2] 
 
FIGURE 2 World of wearable technology [3]. 
 
. 
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IoT is another technology foreseen to be enabled by the full 
deployment of 5G networks, wirelessly interconnecting all 
“things,” from household equipment to daily consumer 
devices. According to forecasts from Ericsson [4], it is 
estimated that about 28 billion smart devices will be connected 
across the global world by 2021 using legacy technologies and 
new wireless RF formats. Such connections will be the major 
enabler for applications in consumer electronics, building 
security and automation. A substantial portion of the consumer 
electronics segment is envisioned to be implemented as part of 
consumer outfits 
Wearable devices are expected to be an integral part of the 
Internet of Things (IoT) [3](see Figure 2).  According to Cisco 
annual report of Virtual Networking Index (VNI, 2014-2019) 
[5], the amount of traffic from wearable devices will increase 
to 277 petabytes per month by 2019, and the number of 
wearable devices will rise to 578 million in 2019. This is a 
five-fold increase compared to devices in 2014. Wearable 
devices are those which can be worn by a person and have the 
capability to connect with each other directly or through 
embedded cellular connectivity. They communicate with 
external devices through their embedded wireless modules, 
which interoperates with other components such as a battery, 
sensors, and antenna. Antennas in one of the most significant 
components in wearable devices as they contribute to the 
overall efficiency of a wearable wireless link.  
Wearables have diverse applications in our daily life. They 
are not limited to wristwatches, fitness bands, augmented 
reality glasses, but also encompasses many medical 
applications [6, 7]. In the field of healthcare, wearable devices 
are used to monitor critical health conditions of the patients. 
They include a glucose monitoring system to monitor the 
sugar level of the patient; capsule endoscopy to examine the 
inner intestinal system; wearable doppler unit and 
thermometer to monitor heartbeat; blood pressure and 
temperature of the body. Wearables are also used in 
entertainment and rescue operations. Examples of them 
include the glasses for augmented reality, smartwatches as 
touchscreen computer.  Figure 2 shows a pictorial view of 
several wearables used in the entertainment segment. Besides 
that, wearable devices can also be integrated into jackets, 
shoes, rain coats, and helmets in rescue and emergency 
response systems. A brief overview of these applications is 
provided in Table 1. 
 
TABLE  1. The wearable devices and their applications[8]. 
Field Applications 
Health Care Glucose monitoring/Endoscopy/Oximetry/GPS 
tracker/Breast Cancer Detection/Wearable Doppler 
Unit/Wearable Thermometer. 
Entertainment Smartwatches/music Jackets/LED dress/intelligent 
shoes. 
Rescue & 
Security 
Helmet/Trackers/Fitness bands/E-shoes/Rain coat/Life 
Jackets. 
 
Several aspects need to be considered when designing 
wearable antennas for use as a part of wearers outfit.  They 
need to be unobtrusive, flexible and operate with minimum 
degradation in proximity to the human body [9]. Wearable 
antennas are also challenging in terms of fabrication - the 
availability of space on specific body locations, the effects of 
the host body, and performance degradation due to structural 
deformation are issues that need to be considered in the design 
process.  
The title reflects the two main potential applications where 
wearable antennas can be most useful - for the purposes of 
communication and location sensing. To do so efficiently, and 
to enable wide acceptance of use, it is imperative that wearable 
antennas need to be enhanced with several key features, as 
specified in the sub-headings: they ideally need to be 
miniaturized to support operation in the lower (VHF, UHF) 
frequencies, need to be circularly-polarized to support 
satellite-based location sensing when used outdoors, need to 
be switchable to cater to on- and off-body communication 
using a single antenna, and finally, to be autonomous in terms 
of battery life – which can be solved with the integration of 
effective energy harvesting mechanisms. In this review, the 
issues related to wearable antennas will be addressed, and their 
effects investigated. 
 
II FLEXIBLE MATERIALS FOR WEARABLE ANTENNAS 
Wearable antennas are built using different kind of 
conductive and dielectric materials. These materials are 
carefully chosen to provide a reasonable amount of 
mechanical deformations (bending, twisting, and, wrapping) 
with minimal influence based on different weather conditions 
(rain, snow, ice, etc.) and proper EM radiation protection. 
Recently, other types of fabric/nonfabric materials have been 
used for wearable antennas. For the case of fabric materials 
usage, the proper characterization of these textiles is essential 
[10]. On the other hand, the use of nonfabric flexible polymer-
based materials such as Kapton, Polyethylene terephthalate 
(PET), and Polyethylene naphtholate (PEN) substrates come 
with predefined stable dielectric properties. 
 
A Conductive (Nano) Materials 
Generally, for flexible antennas, the conductivity of the 
radiating part must be high, whereas the substrate (textile 
fabric/polymer film) must be constant in thickness. Besides 
that, low permittivity (εr) and loss tangent (tan δ) are preferred. 
It is well-known that the electro-textile antenna has less gain, 
efficiency, and bandwidth in comparison to its copper 
counterpart due to its relatively lower conductivity. Nickel-
plated (corrosion resistant), silver plated (strong and flexible), 
Flectron (Copper-coated nylon fabric), and Nora conductive 
fabrics are several examples of these electro-textiles featuring 
different sheet resistances[11]. Similar to conductive polymer 
composite materials[12], providing high conductivity in 
electro-textile materials is the primary challenge in enabling 
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continuous conduction current paths to minimize resistance 
losses and, hence, increasing antenna radiation efficiency. A 
comprehensive review of textile material can be seen in [13, 
14].  
On the other hand, polymer-based conductive materials 
loaded with conductive nanoparticles such as copper, silver, 
and gold are also gaining interest due to their high tensile 
strength, fabrication viability and hydrophobic properties [15]. 
The performance of antennas made from conductive polymers 
is also degraded at a minimal amount when stretched, as 
opposed to the woven/embroidered textile antenna[16]. 
Carbon nanotube, graphene nanofibers, and silver 
nanoparticles are increasingly being used to provide additional 
tensile strength and flexibility to the existing polymer-based 
substrates such as Polydimethylsiloxane (PDMS) [17]. 
Besides their high conductivity, they can be easily integrated 
into these polymer materials without significant additional 
cost in everyday outfits. Recently, conductive fibers 
embedded into the polymer substrate has been proposed with 
all lumped elements encapsulated within the  PDMS layer to 
realize washable and physically robust wearable antennas 
[18]. 
Moreover, antennas with conductive transparent material 
are desirable for unobtrusive antenna placement on various 
wearable devices. Different materials such as oxides doped 
with Indium, conductive coated film, the combination of silver 
and tin, fluorine, zinc, and aluminum, transparent fabric 
tissues, and mesh wired films are widely used to improve 
efficiency for transparent antennas[19, 20]. 
 
                             (a)                                                            (b) 
FIGURE 3. (a) Conductive composite materials [15], (b) different conductive 
textile materials [11]. 
 
TABLE  2. The flexible conductive materials with their thickness and 
conductivity. 
Conductive material  Thickness  
t (mm) 
conductivity 
σ(S/m) 
EgaIn liquid fillet[21]  0.08 2.5x105 
polyleurethene-
nanopartical  
composite sheet[17] 
0.0065 1.1x106 
Zoflex+copper[22] 0.175 1.93x105 
Silver flakes 
+Fluorine rubber[23] 
N.A 8.5x104 
AgNW/PDMS[24] 0.5 8.1x105 
copper coated 
taffetta[25] 
0.15 3.4x106 
PANI/CCo 
composite[26] 
0.075 7.3x103 
Meshed fabric[19] 0.057 2 x 105 
 
Textile and flexible antennas are also susceptible to 
stretching. Due to frequent deformable conditions in 
wearables, stretchable conductive materials have gained much 
attention among the innovators[23]. The main drawback of 
stretchable wearable antennas is their low radiation efficiency 
when being stretched [27]. To overcome this deficiency, 
different  stretchable conductive materials exploits various 
conductive doping materials, for example, silver flakes 
embedded silicone [24, 28], silver loaded fluorine rubber [23], 
CNT based films [29], liquid metals in stretchable substrate 
[21], and more importantly the use of stretchable fabric itself  
[15, 30](see Figure 4).  
                      
                   (a)                                                     (b) 
                          (c)                                                 (d) 
FIGURE 4. (a) Lycra fabric on porous film[29], (b)silver fluorine rubber on 
elastomeric substrate [23], (c) AgNW embedded PDMS[24], and (d) fabric 
embedded PDMS.[18]. 
 
 
B Substrates  
The substrate used in wearable antenna has paramount 
importance in term of wearability, operation, and fabrication. 
Most flexible substrates used are low in permittivity and loss 
tangent. This is to increase their efficiency in the presence of 
the human body, at the cost of larger antenna size. Felt, fleece, 
silk, and Cardura are few examples of them. The measured 
dielectric values of different textile fabrics were provided in 
[31]. Other investigations such as in [32] have also presented 
a complete inkjet-printed localization tracking system on 
different kind of substrates for the wearable application.  
Meanwhile, the effects of different flexible substrate 
parameters on the performance of a patch antenna were 
investigated in [13, 33]. In [33], the researchers examined the 
magnetodielectric flexible material properties under both flat 
and bending conditions. The flexible substrate exhibits high 
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efficiency, adequate gain and stable radiation pattern without 
affecting bandwidth at bending condition.  
The polymer-based substrate is also attractive in recent 
years due to their robustness, flexibility, wettability, and 
stretchability [25, 34]. In [25], a polymer based fabric was 
proposed by encapsulating fabric in the mouldable PDMS to 
solve the problem of weak PDMS-metal adhesion. Moreover, 
by adding low loss and high permittivity SrTiO3 ceramic 
powder, the antenna size is reduced by up to 50 %, as shown 
in Figure 5(a). Next, a highly stretchable antenna has been 
fabricated using a multilayered copper coated rubber-PDMS  
sheets in [22]. More recently, as shown in Figure 5(c), the 
work in [34] proposed a highly stretchable PDMS layer by 
using plasma bonding technique. Several other variations of 
this polymer substrate have been mixed or modified to realize 
highly stretchable dielectric substrates. Next, a smart 
composite antenna has been proposed in [35]. This antenna is 
fabricated using Ag conductive elastomeric cloth as its radiator 
and ethyl vinyl acetate (EVA) as the dielectric substrate. The 
antenna showed a high radiation efficiency of up to 96.98 % 
even after being stretched 25 % when operating in the C band. 
A summary of the different flexible materials and their 
dielectric values are summarized in Table 3. 
 
                          (a)                                                 (b) 
                                           (c) 
FIGURE 5. (a) PDMS-ceramic composite[25], (b) magneto dielectric 
substrate[33], (c) Stretchable PDMS[34]. 
 
TABLE  3. Types of flexible conductive materials, their thicknesses and 
conductivities. 
Dielectric material Dielectric 
constant 
(ɛr) 
Dielectric loss 
(tan δ) 
Mn doped Zinc 
ferrite(0.2 %)[33] 
7.5 0.025 
PDMS-ceramic 
composite[25] 
6.25 0.02 
PDMS[22] 3.2 0.01 
EVA[35] 2.8 0.002 
 
To summarize, the choice of materials is significantly 
important in the realization of wearable antennas. Due to their 
conformal behavior, flexible materials have gained immense 
interest in place of rigid substrates. These flexible materials 
can be carefully chosen to withstand the physical deformation 
conditions such as bending, stretching, and even twisting 
while maintaining users’ comfort. Wearable antennas also 
basically require low-loss dielectric materials as their substrate  
and highly conductive materials as conductors for efficient 
EM radiation reception/transmission. These highly conductive 
materials include copper, conductive fabric, metallic inks, 
conductive polymers and polydimethylsiloxane (PDMS) 
embedded conductive fibre. Meanwhile, the recent flexible 
substrates being introduced for wearable antennas includes the 
likes of Kapton, PET, liquid crystal polymer, organic material, 
ferrite magnetic materials, fabrics, and paper due to their 
unique properties.  
 
III FABRICATION TECHNIQUES FOR WEARABLE 
ANTENNAS 
Fabrication methods are the determinants of the speed and 
accuracy of low cost wearable antenna prototypes. Mainly 
dependent on the choice of material, the most common 
wearable fabrication techniques include wet-etching [36], 
inkjet printing [37], screen printing [31], and embroidery 
methods [38].  These techniques are being employed in the 
fabrication of antennas to ensure low cost, durability, and 
comfort to the wearers in their daily outfits. A good overview 
of these fabrication techniques is provided in [39-41], with 
several more important ones discussed below. 
 
A Substrate Integrated Waveguides (SIW) based technology 
A relatively new method to fabricate a wearable system on 
one platform is Substrate Integrated Waveguide (SIW). It is 
highly desirable to realize future System on Substrate (SoS) 
platforms for developing cost-effective, and easy-to-fabricate 
components for communication front-ends compatible with 
high-performance mm-wave systems [42]. This structure 
ensures the confinement of electric fields inside the cavity by 
the use of shorting vias on its side walls, backed by the full 
ground plane. This increases the quality factor of the structure, 
simultaneously improving isolation between the antenna and 
wearers body. This aspect is explained in [43] when 
introducing the design of two antennas placed on the same 
substrate on a wearer’s garment. Next, the work in [44] 
proposed a multiband wearable antenna on a leather substrate. 
The copper sheet used to form the radiator was glued onto this 
substrate to enable operation in the Wi-Fi, WiMAX, and 
military bands. In [45], a pure copper taffeta fabric etched on 
a woolen felt substrate is used to realize low-cost wide band 
wearable antenna with radiation efficeincy more than 84% and 
fractional bandwidth of 46%. Next, matematerial inspired 
ultracompact SIW textile antenna has been proposed on same 
woolen felt substrat using conductive fabric in[46]. On-body 
measurements of the antenna exhibited radiation efficiecny of 
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74.5% with size reductioin of 80% as compared to similar 
structures. The antenna indicated satisfactory performance 
with low back radiation towards wearer’s body. Besides that, 
recent antennas using this fabrication method are presented in 
[44-47] (see Figure 6). 
                     (a)                                                  (b) 
FIGURE 6. (a) SIW antenna on wolen substrate[46], (b) Yagi antenna on felt 
substrate[45] 
 
 
B Stitching and Embroidery 
Using the conventional method, a conductive textile yarn can 
be used to weave or knit the conductive patterns of the antenna 
before being attached or secured onto any nonconductive 
textile substrate [38]. Alternately, these antennas can also be 
directly embroidered onto the non-conductive textile fabric 
using a computer-aided embroidery machine. For example, 
conductive yarns have been used to weave the radiating 
elements of the antenna on textile fabrics using traditional 
digital embroidery machines [38]. This technique was 
demonstrated when fabricating a wearable patch antenna for 
E-tag application in [48]. The radiating patch is connected to 
the ground as well as with an RFID chip, solely using 
conductive thread and sewing machine. The use of the e-
textile conductive fabric resulted in improved performance in 
comparison to the same antenna fabricated using copper tape. 
More recently, a spiral circular polarized antenna with a wide 
axial ratio (AR) bandwidth was proposed in [49]. Elektrisola 
e-threads was embroidered on a Kevlar substrate using a high 
precision sewing machine.  
The performance of the wearable antenna can be enhanced 
with reduced SAR values using a Split Ring Resonator (SRR) 
unit cell array. This was demonstrated in [50], which 
implemented such structure onto an embroidered monopole 
antenna, as illustrated in Figure 7(b). The fully embroidered 
EBG backed antenna, using the stitch density pattern 
performed well with a gain of 7.19 dBi and radiation 
efficiency of 67.9 % when calculated over the ear of the  
human voxel model. More recently, another dipole antenna 
using satin fill and contour fill stitch patterns have been 
compared in [51] for wireless body area network (WBAN) 
applications. It has been observed that satin pattern, due to its 
high accuracy in term of dimension, resulted in a consistent 
resonant frequency. On the other hand, due to better alignment 
between thread direction and current flow, the contour fill 
pattern exhibited minimized conducting losses when the same 
antenna structure was fabricated with the same stitch density. 
Meanwhile, an embroidered RFID tag using satin fill pattern 
on elastic fabric has been proposed in [52]. As shown in 
Figure 7(d), the range of the tag is reported to be increased 
compared to the same tag embroidered on a cotton substrate 
due to the hydrophilic behavior of the elastic band.    
In [30], a new method has been proposed to deposit the 
silver nanoparticle layer within the textile breathable substrate 
at low curing temperatures (see Figure7(a)). The surface 
resistance of as low as 0.2 Ω/square was obtained using the 
technique. It is pertinent to note that the low-temperature 
curing temperature (<60C0) is highly desirable for a flexible 
material having a low glass transition temperature.  
 The strength and flexibility of the conductive yarns, the 
accuracy of the embroidery machine, stitching density and 
direction on the fabric are several main parameters of concern 
in designing efficient antenna design using such method [53].  
                      (a)                                              (b) 
                         (c)                                                         (d) 
FIGURE 7. (a) silver deposited cotton [30], (b) Embroidered EBG backed 
antenna [50], (c) Satin filled pattern dipole [51], and (d) embroidered tag on 
elastic band[52]. 
 
C Screen Printing  
The screen printing method is also another viable solution 
for the low-cost fabrication of wearable antennas. In this 
manufacturing method, the ink is pressed through a screen by 
using a blade. The screen consists of a mesh of fabric threads 
whose nonimage areas are blocked out using a stencil 
(emulsion) whereas, in the image areas, the screen is left open 
[54]. For instance, an E-shape antenna has been screen printed 
on a multi-layered polyester fabric in [31]. The water-resistant 
characteristic of the fabric provided a more efficient antenna 
for wearable applications, with a measured gain of 3.5 dBi for 
WiMAX application. A schematic diagram of this fabrication 
process is shown in Figure 8(c). Meanwhile, a highly efficient  
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                    (a)                                                         (b) 
              
                     (c) 
 
FIGURE 8.(a) Textile antenna with AMC[49], Porous patch antenna[55], and 
(c) Schematic fabrication process for multilayer fabrication[31] 
 
patch antenna was fabricated in [56] using this method, 
achieving up to 0.5 Ω/square of sheet resistance. Besides that, 
a highly conductive radiating part forming the patch antenna 
can be fabricated using composite materials (i.e., PDMS, 
graphene, and polyaniline (PANI) on a textile substrate as 
reported in [57]. More recently, screen printed flexible and 
breathable antenna has been proposed on Evolon nonwoven 
substrate, which allows the conductive ink to be evenly 
distributed on the substrate [55]. The porous polyurethane web 
was used to make antenna durable and washable while 
minimizing the moisture effects on the antenna performance.  
As a summary, despite being simple, the screen printing 
technology faces several limitations. They include its low-
printing resolution, the limited number of realizable layers and 
lack of thickness control for the conductive layer. These 
factors resulted in the limited implementation of such 
technique, as the printing technology for wearables require 
better precision for proper operation of communication front-
ends. 
 
D Inkjet Printing  
Inkjet printing is one of the preferred fabrication techniques on 
flexible substrates such as Kapton, PET, and Basalt due to its 
accuracy and rapid prototyping speed antennas [58-60]. In this 
method, conductive nanoparticle ink droplets sized as small as 
a picolitre is deposited from the nozzle of a specialized printer 
onto the desired position on the flexible substrate [61]. After 
the deposition, the silver layer is thermally cured up to 150C0 
to ensure that the traces are conductive for antenna application. 
The process flow of this method is summarized in Figure 9. 
Unfortunately, this is a costly technique due to the challenges 
of implementing highly conductive traces, besides the 
required high post-curing temperatures [60]. An example of 
this method is the use of silver nanoparticle ink to print a 
flexible multiband antenna designed on a flexible Kapton 
substrate (εr=3.5, tan δ=0.002) using the generalized iterative 
method.  The printing is performed using a specialized DMP 
2831 printer(Figure 10(a))[62].  
Meanwhile, in [63], a patch antenna was printed on a 
polyester cotton fabric to operate in the industrial, scientific 
and medical (ISM) band (2.45 GHz) using the same industrial 
printer. An interface layer using polyurethane-based paste is 
used to avoid direct printing onto the cotton substrate with 
high surface roughness. Since the paste is UV-treatable, 
damage to the substrate is minimized. To prevent the post-
heating process during inkjet printing, a simultaneous 
sintering and deposition system has been introduced in [64]. 
 
 
 
  
 
 
 
 
 
FIGURE 9 Flowchart of the process of inkjet printing[61]. 
 
Its complete process is illustrated in Figure 10. Here, silver 
ink is deposited onto flexible substrates (such as PAN, PET, 
Basat) placed on a preheated plate at 130C0, eliminating the 
need of a separate post-heating process in the oven. 
Innovations in this fabrication process have resulted in the 
introduction of water-soluble silver ink, which was 
successfully printed on different flexible substrates [65]. The 
electroconductive layer was printed using a digital printer onto 
different textile substrates such as cotton, cotton/PET, and 
aramid, and has resulted in reasonably low surface resistance 
(of less than 0.49Ω/square), even after several bending cycles. 
Besides that, a wearable tracking device with an integrated 
antenna on cotton and polyester substrates have been proposed 
[32]. Besides that, the highly precise Dimatix printer has been 
used to print the textronic system on both substrates upon 
application of the dielectric interface layer in [32]. This is to 
avoid ink smearing onto the fabric substrate.  
 
Antenna 
Design in EM 
Simulator
Printer 
parameter 
setup
Antenna 
printing
Thermal curing
Final printed 
prtotype
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                             (a)                                                     (b) 
FIGURE 10. (a) Commercial DMP 2831 ink jet printer, (b) Setup of Inkjet 
printing with simultaneous sintering process on the textile 
substrate[64]. 
 
To reduce the equipment cost and eliminate the post-
treatment of the printed layer, the invention of instant 
chemically-cured conductive inks has reformed the inkjet 
printing technology[66]. This relatively new method utilizes 
an office inkjet printer to deposit a printed conductive layer 
made from silver nanoparticle (AgNP) without any need for 
post-processing. Chemical curing of the AgNP ink after the 
printed antenna fabrication requires special treatment of the 
substrate surface so that nanoparticles(NPs) could instantly 
form the conduction paths at room temperature[67]. 
Meanwhile, in [68], this printing method is implemented for 
fabricating wearable antennas. A Z-shape antenna has been 
printed for operation in the ISM band (2.45 GHz) on a low-
cost pre-treated PET substrate. Surface morphological 
measurements have been performed to study the effectiveness 
of this inexpensive inkjet printing technique. Moreover, its 
surface roughness has also been measured using a 3D surface 
profiler, and its AC resistance losses have been calculated to 
show its viability for antenna applications.    
The fabrication of wearable antennas is challenging and 
requires low-cost prototyping, the accuracy of antenna 
textures, ease of mass production and more importantly, 
integration with the wearers’ outfits. To support the realization 
of wearable antennas, several techniques have been proposed. 
The SIW method improves isolation between the antenna and 
the wearers’ body but suffers from complex fabrication 
processes. Meanwhile, the embroidered antenna is suitable for 
seamless integration of antenna with garments but suffers 
from low conductivity for antenna applications. Next, screen 
printing is lower in cost and environmentally friendly. 
However, this technique lacks control of the conductor 
thickness, besides poor printing resolution.    
 
IV MINIATURIZATION TECHNIQUES FOR WEARABLE 
ANTENNAS 
Miniaturization techniques will enable the more effective use 
of wearable antennas operating in the lower frequencies such 
as in the VHF and UHF bands. These licensed bands are 
widely being used for the land mobile radios, which is a 
critical communication means for emergency responders. 
Moreover, miniaturization techniques can beneficial for the 
implementation of performance-enhancing elements 
potentially useful for wearable antennas such as frequency 
selective surfaces, superstrates or backings. These methods 
ensure that the overall antenna structure should have the 
smallest possible thickness, with minimized lateral size due to 
the scarcity of space on the body and for comfort reasons [69]. 
The first miniaturization technique is the Substrate 
Integrated Waveguide (SIW) antennas and metasurface based 
antennas. Despite being electrically small, they are complex in 
unit cells, which limits their applications [70, 71]. On the other 
hand, the work in [72] introduced shorting pins in flexible 
substrates to enable the design of miniaturized WBAN 
antennas. However, the degradation in terms of radiation 
efficiency due to the human body is not studied. 
Next, nanocomposite paper substrate with high dielectric 
value (k) was used to miniaturize a dipole antenna working at 
2.4 GHz [73] (Figure 11(a)). The combination of high-k silver 
nanowire/nanopaper substrate successfully reduced the dipole 
size by about 50% compared to ordinary nanopaper antenna 
designed for operation at 2.4 GHz with low radiation 
efficiency. Besides planar radiating structures, miniaturized 
button antennas for wearable applications have been proposed 
[74-76]. Substrates such as the transparent acrylic fabric sheet, 
and Cuming foam (PF-4) have been used with snap-on (SO) 
buttons and implemented in daily outfits. Recently, the High 
Impedance Surface (HIS) has been proposed to miniaturize an 
antenna for use in a smart wristwatch application [77]. This 
design resulted in a peak directivity of 6.3 dBi. Another 
miniaturization technique is the Electromagnetic Bandgap  
Structure (EBG), which is validated to be capable of 
minimizing to the size of a circular textile antenna in self-
monitoring wearable devices[78]. Besides antenna 
miniaturization, the generation of surface waves was also 
enabled using the EBG structure, which was implemented 
using a Shieldex conductive metalized fabric and conductive 
threads. Another work designed a Complemented Split Ring 
Resonator (CSRR) to miniaturize patch antennas [79, 80]. 
Slits in the concentric slots in the CSRR contributed to the 
compact antenna structure, with a slight decrease in overall 
gain.  
In summary, the miniaturization of the wearable antenna 
will address the shortage of space and the possible structural 
deformation when worn on various curvatures of the wearers’ 
body. The main challenge is to ensure wearable antennas 
feature low-profile, lightweight and compact with high 
radiation efficiency. This consequently leads to seamless 
integration into the wireless wearable system. The compact 
wearable antenna should be safe and can minimize the effects 
of proximity to the human body.  Moreover, the wearable 
antenna should possess large bandwidth with appropriate 
polarization robustness which will then enable the 
compensation of the detuning, while maintaining the  
compactness of wearable antenna.s 
 
                        (a)                                                    (b)           
FIGURE 11. Various miniaturization techniques for wearable antenna 
using (a) high dielectric nanopaper[73], (b) Slotted patch[75].  
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TABLE 4. Flexible single/dual polarized wearable antennas 
 
V WEARABLE SINGLE AND DUAL POLARIZED 
ANTENNAS 
 
Wearable devices being potentially the most effective 
outdoor location tracking system, the design of circularly-
polarized wearable antennas which can function with least 
disruptions to their operation, given the dynamics of the 
human body, will enable its effective implementation. The 
requirement is even more challenging with the use of the more 
accurate Global Navigation Satellite System (GNSS), which 
requires the antenna to be circularly polarized and broadband 
to support the multiple satellite constellations. 
GNSS-enabled devices are typically used in surveying, 
vehicle navigation or tracking, rescue operations or tracking 
of military personnel, and health and activity monitoring 
systems. Most of these units are integrated into cellular 
telephones, tablet computers, cameras, and wearable outfits, 
and watches[84]. Generally, GNSS devices require their 
receiving antenna to be circularly polarized (CP) to improve 
polarization mismatch during operation and also to provide 
inherent immunity towards time-varying orientations between 
transmitter and receiver in an off-body wearable application. 
Most importantly, the ability for an antenna to be operated in 
the GNSS L1/E1 band with circular polarization is a key 
feature for outdoor wearable applications. The following 
sections will first present the typical circular polarization 
generation techniques used in wearable antennas, followed by 
available literature on these antennas designed for single/dual 
band applications.   
A simple and unobtrusive diagonally fed patch antenna 
fabricated using commercial textiles to be integrated into a 
sleeve badge for security personals has been proposed in  [85]. 
The antenna showed wide fractional bandwidth (5.6%) with 
right-handed circular polarization (RHCP) gain of 4.7dBi 
suitable for the wearable application. The corner truncated 
patch slot was used to generate the required phase shift in the 
current distribution to achieve CP  
CSRR (Complementary Split Ring Resonator), a popular 
type of resonator unit cell, was also proven to be capable of 
enabling multiband operation [86], miniaturization [87], and 
CP generation for a patch antenna [80].  In [80], CP is 
generated by controlling the slit size of the CSRR, ensuring a 
compact size at the cost of a -17 dBi realized a gain while 
being on wearers body.  This structure, however, is designed 
for implantable applications and is non-planar. Moreover, it is 
fed using a probe-feeding technique, which is again, 
unsuitable for wearable applications. There is limited available 
literature on compact CP wearable antennas for location 
tracking application. Note that an antenna with a large ground 
plane size potentially suffers from operation frequency shift 
due to bending effects. To overcome this issue, the flexible 
printed antenna used a  meandered ground plane for 
miniaturization and to enable operation in the GPS band [36]. 
 
     The realized gain of  the antenna is reported to be 3.5 dBi 
with Front to Back Ratio (FBR) of 13.44dB. Despite this, no 
SAR evaluation was provided. Despite being linearly 
polarized, a loop antenna was introduced to be integrated into 
the lower metal frame of a wristwatch for GPS signal 
reception in [81]. A gain of 3.2 dBi is observed when the 
smartwatch was assessed in the presence of a human arm. 
Due to the evolution of wearable devices such as activity 
trackers, pet fits, smart watches and pedometers, there is a 
growing need for integrated wearable antennas exhibiting 
multi-band operation to accommodate multiple services in a 
single device with required polarization [7]. An example is an 
all-textile wearable antenna using conductive fiber 
implemented on a felt substrate, integrated with shorted pins 
proposed for indoor/outdoor positioning systems [82], as seen 
in Figure 12(a). Two separate ports, as shown in Figure 12(c), 
were used to excite the antenna for circular polarization (CP) 
and linear polarization (LP) radiations at the same time. Next, 
lumped components have also been integrated into textile 
materials for a rescue and tracking system in [83]. RF switches 
were implemented to enable dual-polarized characteristics on 
the probe-fed GPS antenna, which is designed to be part of 
jackets and raincoats. A three-dimensional LP antenna 
structure working on both GPS/WLAN bands proposed for 
wrist-worn application [88]. This dual band and the dual-feed 
antenna evaluated on human hand-phantom exhibited 
reasonable radiation performance in term of its gain and 
efficiency.  
 
                              (a)                                                     (b)                
Ref. Technique application Drawback 
[81] corner-fed and 
shorting pins  
Wristwatch LP signal 
reception 
[36] Meander line 
parasitic elements 
on-body signal 
reception 
End fire 
radiation 
direction.  
[82] Truncated patch 
with shorted pins  
soldier berets Shorted pins 
with coaxial 
feeding  
[83] Four sectoral 
patches along 
with lumped 
elements 
Smart garment Coaxial feeding 
with lumped 
elements 
[80]  CSRR on patch implantable coaxial feeding 
with low gain 
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                                                          (c) 
FIGURE 12. Single/dual polarized wearable antenna: (a) Truncated 
patch[82], (b) Diagonally fed patch[85], (c) textile antenna with lumped 
elements [83]. 
 
VI  EFFECTS OF THE HUMAN BODY ON WEARABLE 
ANTENNAS   
It is well known that antenna reflection and radiation 
characteristics tend to change due to the interaction with the 
lossy human body tissues. Moreover, the permittivity of 
human tissues vary with its type (skin, fat, muscle, etc) and its 
operating frequency. These distinct permittivity and 
conductivity values mainly influence the reflection 
coefficients, affect the power absorbed by the body, and hence 
decreasing the radiation efficiency of the antenna. For 
instance, it was observed that that there is an increased 
radiation loss when an antenna is operated on the chest 
(εr=53.08,σ=3.458 S/m) in comparison to when placed on the 
upper arm (εr=5.3,σ=0.095 S/m) at 2.45 GHz [89]. Moreover, 
the average human body consists of 65 to 80 % of water 
content (εr = 75 at 25 C0), which obviously increases the 
dielectric loading on the antenna. This increase in effective 
permittivity of the body-worn antenna due to its proximity to 
the body lowers the Q factor of the antenna. In addition, the 
flux of the antenna in the vicinity of the human tissues 
compresses, and the antenna appears to be electrically larger 
and radiates at lower frequencies compared to free space. 
Hence, dielectric loading on the antenna can adversely affect 
its radiation efficiency, gain, radiation pattern, and E-field 
distribution, drastically reducing its overall performance.  
 
Despite being able to control or cure diseases such as cancer 
[90], ionizing radiation may increase body temperature. On 
the other hand, despite the fewer concerns due to non-ionizing 
EM radiation, electromagnetic absorption for wearable 
devices including antennas are regulated by the Specific 
Absorption Rate (SAR) limits. SAR quantifies the amount of 
EM radiation a human body can withstand without any health 
hazards and is defined as the ratio between the transferred 
power and the mass (kg/lb) of the body where the values are 
being evaluated [91, 92]. Therefore, one of the main concerns 
on the use of wearable antennas is strategies taken to limit its 
SAR in compliance with international standards. 
Various planar structures consisting of large ground planes 
[93], ferrite-based substrates [94], thin mesh-wire planes [95], 
soft surfaces [96], thick fabric layers[97], and AMC  
                     
 
                   (a)                                                          (b)     
                     (c)                                                    (d) 
FIGURE 13 (a)Antenna integrated in smart E-coat[98], (b)On-body 
measurements of All-textile antenna[99], (c) AMC backed Yagi antenna 
on non-woven latex substrate[100], (d) Soft surface on felt[96]. 
 
metasurfaces [101] have been proposed to isolate the antenna 
from the potential effects of the host body. As reported in [99], 
a multi-layered, all textile antenna has been fabricated with a 
full ground plane to attain unidirectional radiation pattern and 
low SAR value for on-body communication (see Figure 
13(b)). The design exploited multilayered planar antenna 
topology with a full ground plane on its rear to attain high 
fidelity with wide bandwidth. This resulted in reduced back 
radiations for wearable UWB impulse radio communications. 
The lowest SAR value of 0.52 W/kg was reported at 7 GHz 
for this antenna without using any additional layers. 
The concept of a reflector plane based on the AMC can also 
be used to improve the performance of wearable antennas 
when operating on body. In [102], a hexagonal dual band 
AMC using copper tape on felt and denim substrate has been 
used to increase the gain of the patch antenna. AMC such as 
the slotted Jerusalem Cross (JC) ground plane was also 
proposed to reduce the effects of back radiation of the antenna 
on the human body [103]. The use of the miniaturized slotted 
structures in the AMC decreased SAR by up to 64% while 
improving the gain up to 3.7 dBi in comparison to the 
standalone antenna. In [98], a dual band all textile antenna has 
been proposed for a smart coat (E-Caption) using Cordura 
substrate was proposed, as shown in Figure 13(a).   This dual 
band patch antenna has been fully integrated into the coat 
material by using a lamination technique without using steam. 
Morphological analysis has been performed to ascertain the 
effectiveness of this lamination method, which proved the 
electrical surface resistance of the patch and the relative 
permittivity of the substrate are not significantly changed. 
Besides that, an omnidirectional radiation pattern and 
reasonable gain of 3.3 dBi was achieved while being worn by 
a volunteer.  
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In [77], an Inverted-F Antenna using optimized High 
Impedance Surfaces (HIS) was also proven to reduce the 
human body effects on the radiation efficiency substantially. 
The integration of an array of 2 x 2 unit cells improved the 
overall gain of the antenna to 6.9 dBi, with more than 90 % of 
SAR reduction. This made the antenna very attractive for a 
wrist watch wearable application with a radiation efficiency of 
48 % when worn on the human wrist. Besides that, SAR has 
also been evaluated when the antenna is operated in bent 
conditions. This was performed on a dual band textile antenna 
operating in both ISM bands (2.4GHz and 5.8GHz). A reduced 
SAR value of 0.054 W/kg was obtained when the antenna was 
being bent along the y-axis using a curvature of radius 60 
mm[104].  Next, a dual band AMC structure on a dual-layered 
non-woven substrate was printed using silver ink for wearable 
applications [100]. Meanwhile, the heat effects of the antenna 
radiation on the human biological tissues were discussed in 
[105] by investigating a patch antenna operating on the body. 
Different back radiation reduction techniques are compared in 
Table 5 for better illustration. 
Studying different isolation techniques in wearable antenna 
designs is crucial. This will ensure the safety limits of 
electromagnetic absorption imposed by regulatory agencies to 
ensure the well-being of the wearers. Moreover, adding 
structures for isolation typically result in a bulky and lossy 
antenna in nature. Hence, there is a need for these techniques 
to be employed which ensures the compact size of the  
 
 
Table 5. Review of back radiation mitigation techniques for wearable antennas 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
wearable antenna, while maintaining the required 
operational parameters and providing enough isolation from 
the body to comply with SAR standards. Next, the placement 
location of the antenna on the body is also essential. For 
instance, a wearable antenna may suffer more frequency 
drift, gain, and radiation pattern distortion when placed on 
the chest due to high dielectric constant values of the muscles 
as compared to other parts of the body. 
 
 
 
VII EFFECTS OF BENDING ON WEARABLE ANTENNAS 
 As wearable antennas are mostly worn by human or living 
beings, mechanical deformation such as bending are 
unavoidable when implemented using textiles or flexible 
materials. It is well known that bending the antenna in some 
particular direction degrades its performance for the 
intended application [109]. This is not limited in terms of 
shifting their resonant frequency, but also affects antenna 
polarization, especially, when circular polarization is 
required [110]. 
One of the techniques to alleviate these effects and 
maintain antenna performance during bending or crumpling 
is to ensure a wideband operation. This is so that their 
resonant frequency could be kept within the required 
operating region even after bending [111].  Secondly, 
wearable antennas can be designed to be as symmetric as 
possible so that they are affected minimally despite being 
bent in different directions. In [72], the authors fabricated 
three different types of textile antennas using Copper Foil 
Ref Antenna 
structure 
Mitigation techniques  
(SAR W/kg over 10g) 
Material and 
Fabrication 
Technique 
Application Disadvantage 
[99] Truncated patch  Full-ground reflector 
plane (0.52) 
Manual cutting: 
Felt substrate 
On-body devices 
(2-10.6 GHz) 
radiation efficiency 
is not provided. 
[98] Monopole 
antenna 
The coating material is 
used (N.A.) 
laser cutting 
machine: adhesive 
sheet on Zelt fiber 
Energy harvesting 
application: GSM 
and DCS bands. 
Moistening effect 
in the textile fabric 
is not provided 
[77] Inverted L 
antenna  
HIS (0.29) Wet etching using 
FR4 substrate 
Wristwatch (2.4 
GHz) 
Radiation eff. is 
only 48%  
[93] Wire antenna The ground plane on 
the eye frame. (0.85) 
Etching on the 
PCB 
Eyeglasses for 4 G 
application. 
The rigid substrate 
with copper. 
[95] Monopole 
antenna 
Thin wire mesh sheet. 
(N.A.) 
PCB etching  802.11 ac 
application 
Fabrication 
complexity 
[71] Broadband 
Monopole 
Metallic I-shape 
metasurface(0.66)  
Inkjet printing Wearable 
application 
Costly printer and 
AgNP ink used 
[106] Meander line 
antenna 
The parasitic element is 
used.(N.A.) 
Simple adhesive 
aluminum sheet 
Sensor wearable 
nodes 
Susceptible to 
bending cycles 
[96] Circular patch 
antenna 
Soft surfaces(N.A) Textile fabrication Wearable 
application 
Cracks after many 
bending cycles 
[107] Unilateral CPW 
Patch 
Asymmetric radiating 
patch (N.A.) 
FR4 Mobile phone No flexibility. 
 
[94] patch Using ferrite sheet to 
the antenna(0.026) 
FR4 Mobile phone Rigid and 
expensive material  
[108] Fractal-based 
monopole patch 
EGB is used for SAR 
reduction(0.024) 
Textile wearable Cracks after many 
bending cycles 
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Tape (CFT) and Shieldit (SH) on a felt substrate. Shorting 
pins between the patch and ground plane were attributed to 
the minimal bending and crumpling effects on the antenna 
performances at the cost of fabrication complexity. 
AMC structures are proved to be less susceptible to 
mechanical deformation for wearable applications. This has 
been found from the various AMC backed wearable 
antennas investigated under different bending conditions 
[69, 112-114]. For instance, a wideband antenna with a full 
ground plane backed by AMC array was reported in [114]. 
The first wideband antenna is designed and verified under 
different bending conditions, prior to the employment of the 
AMC plane to increase its gain and FBR. Next, in [71], the 
efficiency of a monopole antenna was reported to be slightly 
reduced by using the patch antenna with metallic backed 
anisotropic I-shaped metasurfaces. It was also proven that 
the effects of bending and the existence of the human body 
in its proximity could be mitigated using the metasurface. 
Meanwhile, a dual band fractal based monopole antenna was 
proposed in [108]. It is fabricated on a jeans fabric, and its 
effects were investigated regarding bending and crumpling 
to demonstrate the effectiveness of the EBG structure for 
wearable applications [115]. 
                     (a)                                                         (b) 
Figure 14 Bending of (a) Snap-On button[75], (b) patch on 3-D printed 
bended bracket[116]  
 
Bending and crumpling effect on the wearable antenna has 
also been investigated in [117]. This study was performed on 
a textile antenna backed by EBG, which indicated bandwidth 
degradation and shifting of resonance due to bending. 
Besides that, bending of the antenna in any of the major 
plane resulted in an increase of beam width with a decrease 
in the overall gain.   
For wearable CP antennas, bending affects their radiation 
performance, as expected. Bending not only changes their 
resonant frequency for such CP antennas but also degrades 
its polarization properties [110].  On the contrary, bending 
affects the resonant frequency of linearly-polarized antennas 
due to changes in its effective length. Besides planar 
antennas, bending effects on the resonant frequency and AR 
characteristics were studied for a Snap-On button antenna in 
[75](Figure 14(a)). Substrates such as the transparent acrylic 
fabric sheet, and Cuming foam (PF-4) have been used with 
snap-on (SO) buttons and implemented in daily outfits. The 
antenna is reported to be working effectively even after 
being tilting along the y-axis with a radius of 30 mm. 
However, bending along the x-axis should be avoided due to 
the abrupt change in the effective length of the antenna, 
resulting in severe degradation in the radiation performance. 
The deterioration in AR  was also reported in [118]. 
Wearable antennas working in GPS/WLAN bands have also 
been investigated under different bending conditions for a 
military beret in [82]. It is shown that the axial ratio and 
reflection coefficient behavior remain within the required 
limits for the case of the beret.  This is found when studying 
the antenna when bent over a cylinder with a radius of 180 
mm, considering the maximum bending for an antenna 
placed on a human head.  
Physical deformation is one of the main concern in 
ensuring the effective operation of wearable antennas. 
Besides shifting the resonant frequency of the wearable 
antennas, it also affects its polarization due to change in the 
current density on the radiating elements. Moreover, this also 
potentially increases the SAR values on the wearer's body. 
To design a wearable antenna, it is imperative to devise some 
methods to eliminate these effects. In addition, one should 
try to place an antenna in such a way that it should not be 
bent along the y-axis as it will cause more severe 
performance degradation. Next, the antenna can be made as 
small as possible to avoid the significant change in the 
effective length of the antenna during bending. 
 
VIII RECONFIGURABLE WEARABLE ANTENNAS  
It is also expected that the planar orientation of the antenna 
when placed on the body, although mechanically acceptable, 
may actually limit their capability in terms of direction of 
radiation. This is especially evident considering that a 
wearable node at a specific on body location may need to 
communicate with other on-body nodes (at the end-fire 
direction), and alternately, need to channel 
sensed/aggregated data to a base station located off-body (at 
the broadside direction), or even to collect data from an in-
body implant. This requires the wearable antennas to be 
ideally switchable. The reconfigurable(switchable) 
multiband wearable antenna has gained much attention as 
they merge numerous devices from healthcare to 
entertainment working on various standards and applications 
into a single radiating platform.  
Different types of surface-mounted switches such as 
positive-intrinsic-negative (PIN) diodes, field effect 
transistor (FET), inductors and varactor diodes are being 
used to enable frequency reconfigurability [119-121]. One of 
these examples is, where a compact and flexible 
reconfigurable antenna inkjet printed on PET substrate in 
[113]. PIN diode mounted on the edge of the T-slot patch 
enabled frequency and polarization reconfigurability for 
WiMAX and WLAN applications in a wearable form. Next, 
a dual-band AMC plane has been placed under this T-shaped 
slot antenna to enhance its radiation performance, with a 
reduction in SAR values both in bent and flat configurations 
[112]. Both the abovementioned structures do not require 
any biasing circuits, via holes or shorting pins to activate the 
PIN diodes. To fabricate lightweight, low cost, and 
conformal wearable antenna, the researchers in [122] used a 
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photo paper substrate to print a low cost reconfigurable 
antenna operating in various bands from 1.5 to 5 GHz for 
conformal applications. The proposed design employed only 
two PIN diodes to redirect the current paths towards multiple 
radiators on a paper substrate. The antenna achieved a 
maximum realized gain of 2 dBi with 50 % of radiation 
efficiency. In [123], as shown in Figure 15(a), symmetrical 
slots on a patch radiator terminated with a pair of switches 
have been proposed to enable reconfiguration between two 
prospective 5G frequency bands (28 and 38 GHz) on a 
flexible substrate. The antenna channel capacity is further 
enhanced by the introduction of a two-element multiple-
input and multiple -output (MIMO) antenna system on the 
same substrate. This is implemented using an inkjet printing 
method on a chemically-cured PET substrate to enable a 
fully bendable and flexible antenna system for wearable 
applications.   
Due to excellent thermal conductivity and mechanical 
strength, graphene ink has also been used to print a  wearable 
satellite broadcast reception system [124]. A multilayered 
textile substrate has been used to overcome poor electric 
conductivity of the printed patch antenna. The antenna gain 
is improved by 4.9 dBi using only two external RF switches 
and employing a multi-mode propagation technique.  
Besides that,  a frequency reconfigurable textile antenna on 
Felt substrate using Shieldex fabric has been proposed in 
[125]. The antenna, shown in Figure 15(c), operates from 
1.54 GHz to 2.82 GHz. Tuning for this corner-truncated CP 
patch antenna is facilitated by changing the slot length on the 
ground plane using three embedded RF switches. 
Besides that, flexible substrates filled with liquid metals 
are also gaining attention among researchers for tuning 
multi-band antennas [126]. Liquid metals not only can 
provide reconfigurability but also contributes to 
miniaturization of the antenna as first proposed in [127]. An 
excellent example of compact and tunable antennas is 
proposed in [128]. Two microchannels filled with Galinstan 
have been designed to enable a high-strength electric field 
between the Galinstan bridges and the CPW slot antenna, as 
illustrated in Figure 15(d). This results in reactive loading of 
the antenna which shifts the operating frequency 
downwards. The Galinstan bridges are fabricated using 
PDMS and channels are sealed entirely afterward to achieve 
a compact CPW folded slot antenna with a miniaturization 
factor of 85 %. The similar liquid has been filled in PMMA 
channels fabricated using a 3D printer and exhibits tunability 
within the frequency range from 14.2 to 15.1 GHz in [129]. 
More recently, as shown in Figure 15(b), a polarization 
reconfigurable aperture-coupled patch antenna by filling 
metal alloy (EGaIn) in four different cavities enclosed using 
silicon rubber (Ecoflex) and PET film has been proposed in 
[130]. Here, the location of the pressure-driven liquid metal 
enabled different polarization states such as LP, RHCP, left-
handed circular polarization (LHCP) for the antenna. High 
radiation efficiency is observed due to minimal usage of 
liquid and silicon rubber.  
The reconfigurable feature in wearable antennas provides 
for its ability to combat fading losses, mitigate the channel 
interference, and tackle polarization variations. The main 
challenge is to provide reconfigurability with minimal 
circuitry, without biasing circuits, and more important it 
should have less detuning effects being near to the human 
body. It is also such this reconfigurable feature will also be 
attractive as soon as millimeter-wave systems are being 
implemented as in the form of wearable devices.  
 
                   (a)                                                               (b) 
                      (c)                                                               (d) 
FIGURE 15. Frequency reconfigurable wearable antennas  (a) inkjet 
printed antenna[123], (b) metal filled patch[130], (c)slotted textile 
antenna[125], and (d) liquid filed slot antenna[128]. 
 
 
IX ENERGY-HARVESTING WEARABLE RECTENNAS  
Finally, as with any portable devices, wearable nodes are 
ideally required to be autonomous – they are expected to 
have enough resources (in terms of processing power and 
energy) to perform their tasks for the longest possible 
duration independently. One of the most effective methods 
to ensure energy sustainability for wearable devices is to 
ideally integrate energy harvesting components into them. 
The wearable antennas in these devices can be deemed the 
most suitable due to its relatively large unobstructed space 
available for the integration of RF- or even solar energy 
harvesting components.  
The primary motivation behind battery and maintenance 
free wearables is the availability of energy harvesting (EH) 
via wireless technologies, the development of low-power 
electronics, the need for sustainable power sources and a 
quest for autonomous lifestyle [131]. Omnipresent RF 
energy at different frequency bands can be harvested to 
realize these type of battery-independent wearable devices 
[132]. An example of such devices is the multilayered 
structure with a slotted annular-ring patch on a low-loss pile 
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substrate backed by full ground plane [133]. This structure 
has been proposed to scavenge RF energy from the prevalent 
GSM (900 MHz and 1.8 GHz) and WLAN (2.45 GHz) 
bands. 
       To achieve maximum power conversion, a single-stage 
power converter has been integrated with a broadband phase 
shifter to realize this CP rectenna for polarization and 
orientation independent RF energy reception from all 
directions. Meanwhile, a conformal hybrid system 
combining solar cell and EM energy harvester has been 
proposed in [134]. A broadband monopole antenna was first 
fabricated on a PET substrate, followed by the mounting of 
a silicon-based solar cell onto the monopole for space 
efficiency. The system exhibited an overall energy 
harvesting system efficiency with an irradiance value of 99 
mW/cm2 in an open-air environment. Next, a CPW flexible  
antenna with an EH module is integrated with a separate 
booster circuit to counter the lower (AC to DC) conversion 
efficiency was proposed in [135]. The proposed slotted patch 
antenna is designed on a flexible substrate (ɛr=10.2, tan 
δ=0.0023) with compact booster circuit on its reverse side. 
The measured power efficiency of 44 % made this flexible 
EM rectenna system suitable for the wearable application. 
Next, a fully-textile wearable rectenna system operating in 
the UHF band is introduced in [136]. The rectenna 
implemented with a full-bridge rectifier is made using textile 
materials and exhibited more than 20% conversion 
efficiency in the UHF band. The patch is fabricated using 
fray-less nonwoven conductive textiles and designed on a bi-
layered textile substrate made of pile and jeans. The rectifier 
circuit is attached to the ground plane on the jeans substrate 
and completes this all-textile wearable rectenna structure. 
Besides that, a wearable ambient RF energy harvester on a 
biodegradable paper substrate to realize low-cost, ultra-
lightweight, conformal battery-less rectenna is proposed in 
[137]. The paper-based rectenna system exhibited a 
maximum 57% of conversion efficiency, with the compact 
size of 11 x 11 mm2, see Figure 16(c). Meanwhile, another 
flexible antenna for wristband application has been proposed 
in [138]. A rectifier is connected to the textile antenna 
through a coupled microstrip line. Such setup featured a 
conversion efficiency of 33.6 % at -20 dBm. The proposed 
system can be worn on the wrist and have minimal human 
body effect due to a full ground plane (Figure 16(d)). 
        Energy harvesting is one of the most desirable solutions 
in ensuring power autonomy, and maintenance-free battery 
in wearable devices. The challenging tasks in realizing a 
complete wearable rectenna are the reliability of 
interconnections between flexible and rigid subsystems, 
maximizing power conversion efficiency to increase transfer 
range, and the maintenance of efficiency and radiation 
pattern on the human body. To address this, several 
technology enablers have proposed system setups aimed at 
extracting energy from diverse sources within the wearers 
surrounding environment, including light, EM radiation, and 
thermal body energy or motion from the wearer's body. 
 
                  (a)                                                           (b) 
                   (c)                                                         (d) 
FIGURE 16. Wearable rectenna systems (a) Solar cell rectenna[134], (b) 
rectenna with booster circuit[135], (c) Paper based rectenna 
system[137], and (d) wrist band RF harvester [138]. 
 
 
X UNIQUE WEARABLE ANTENNA TECHNIQUES 
There are many situations when a wearable antenna has to 
be mounted on specific locations or part of the clothing for 
unobtrusive effective on/off body communications. One of 
these examples is to button the antenna on the shirt/coat of 
the wearer outfits. This not only saves the antenna from the 
risks of degradation due to their physical deformation, but 
also enables performance stability of these antennas due to 
its rigid substrate. Besides that, such method also provides 
an alternative attachment method to clothes instead of the 
traditional sewing or printing methods. Moreover, button 
antenna can be easily integrated using copper as its 
conductive material, which is likely to outperform other 
more lossy conductive flexible materials in wearables. In 
[139], the authors proposed a button antenna for on/off  body 
communication and studied its effects for different bending 
conditions. The reported high efficiency (of more than 90 %) 
outperforms the other textile antennas for the same 
applications. Next, a dual-band and dual-polarized button 
antenna has been proposed for wearable body-centric 
communication in [140](Figure 17(a)). Measured 
efficiencies of 46.3 % and 69.3 % are observed in the upper 
and lower WLAN band, respectively, when the antenna is 
evaluated when placed over a human phantom. Moreover, its 
compact size and reasonable realized gain makes it suitable 
for use in both on-body and off-body communications. 
Besides that, the authors in [141] have proposed a new 
technique by combining inkjet and 3D printing method for  
RFID applications. This enabled a seamless integration of 
RFID tag into smart clothes for authentication and access 
control from the wearer's body, as illustrated in Figure 
17(b). 
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Besides buttons, zippers are also commonly integrated on 
clothes and other accessories such as bags. They are effective 
radiators due to their metallic structure and are fairly large. 
This enables simple, low cost and even tunable antennas to 
be realized via this method, due to their varying lengths. An 
instance of the use of this property daily outfits for WLAN 
communication are demonstrated in [142, 143]. The authors 
in [143] have integrated monopole antenna in the zip of a 
hand bag and managed to obtain up to 5 dBi of realized gain 
at 2.45 GHz. The reported antenna also showed reasonable 
performance even in the presence of a hand phantom. On the 
other hand, a zipper antenna sewed onto a pure jeans 
substrate produced a measured realized gain of 0 dBi in 
[142].  
Next, a shoelace antenna fabricated using a thin flexible 
wire has been proposed for collision avoidance of the blind 
[144], as depicted in Figure 17(c). The shoelace has been fed 
from the bottom of the laces and exhibited an acceptable 
performance even when being tightened or loosened. In the 
same way, a new technique by using the strap of a watch as 
the radiator has been proposed in [145-147]. A detailed study 
of the slotted-metallic strip and its effect on radiation 
patterns, feeding locations on the strip as well as the impact 
of arm and hand for wearable WLAN application has been 
performed [146]. Similarly, the metallic backing of a 
wristwatch in the form of a cavity-backed annular slot 
antenna has been proposed for use at the 2.4 GHz WLAN 
band. The metallic backing not only reduced back radiations 
but also enhanced the radiation efficiency up to 66 % when 
assessed on a hand phantom [147]. To increase the 
transmission capacity for a smart watch, a MIMO antenna 
has been proposed on a plastic wristband strap by using 
three-dimensional etching process for operation in the 5.2 
GHz WLAN band. The proposed antenna attained 97 % of 
efficiency in free space, which reduced to 55 % when placed 
on the hand. Next, an axial-mode helical antenna has been 
designed on a circular ground plane, featuring an end-fire 
radiation pattern for on-body communication. The finger-
worn antenna operated from 25 to 35 GHz exhibited a good 
circular polarization property, even when being tilted on the 
wearers fingers [148]. 
Besides watches, there are several other wearable 
antennas which have been designed on glasses. They are 
intended for ubiquitous wearable applications in 
implementing augmented reality applications. An instance is 
in [149], where a transparent antenna located directly on the 
glasses, near to eyes of glaucoma patients is proposed to 
measure their intraocular pressure, as shown in Figure 
17(d). 
 
The antenna uses multilayered indium–zinc–tin oxide 
(IAI) film with a conductivity 2 x 106 S/m, resulting in a 
maximum efficiency of 46.3 % when assessed on a human 
phantom. Meanwhile, to enable multi-device 
communication, a dual-band antenna fabricated using the 3D  
                    (a)                                                    (b)                             
                                  (c)                                                  (d) 
FIGURE 17. (a) Button antenna[140], (b) Zip antenna[141], (c)Shoelace 
antenna[144], and (d) Glasses antenna[149]. 
 
 
printing technology is implemented on the plastic eye 
frame for operation in the 2.45 GHz band [150]. The antenna 
offers pattern diversity to communicate simultaneously with 
WLAN access points, smartphones, and laptops. It achieved 
radiation efficiency up to 22.8 % when evaluated on a head 
phantom.  Next, an antenna patch-array have been proposed 
for wearable application in the 60 GHz band [151]. This 
antenna array, designed on the ultra-thin Taconic substrate 
exhibits a directional radiation pattern to achieve a maximum 
gain of 14.8 dBi in the broadside direction. Besides that, its 
beam can be steered using appropriate phase excitation at 
each port to adapt to the time-varying position of the wearers. 
These are several examples of the interesting recent 
advancements in the field of the wearable antennas, which is 
intended for the 5G and future 6G era. 
 
 
 
XI SUMMARY 
Wearable antennas are one of the critical components in the 
realization of wearable and portable devices. Due to their 
lightweight, flexibility, low cost and conformal 
characteristics, they are ideal for wireless communication 
and sensing applications in a worn form. This review first 
starts with the presentation of applications where wearable 
devices are found to be most advantageous. Next, the types 
of flexible materials used and state-of-the-art technologies to 
realize these structures are explained. The choice of the 
material types can be made based on considerations such as 
the application (indoors or outdoors), frequency and 
accuracy of the smallest dimension, seamless integration into 
wearers outfits, robustness to harsh weather, and finally, cost 
and speed of the fabrication. Since antenna needs low-loss 
dielectric material and highly conductive materials for 
efficient EM radiation reception/transmission, highly 
conductive materials such as copper, conductive fabric, 
metallic inks, conductive polymers and 
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polydimethylsiloxane (PDMS) embedded conductive fibre 
are new variants used as the conductive parts of wearable 
antennas. On the other hand, substrate materials such as 
flexible polymer Kapton, PET, PEN, PANI, liquid crystal 
polymer, organic material, ferrite magnetic materials, fabric, 
and paper are good solutions as substrates, owing to their 
flexible features.  
This is followed by the important design and operational 
issues - back radiation mitigation, miniaturization methods, 
circular polarization generation techniques, compliance to 
regulatory EM absorption limits, operation robustness in 
extreme outdoor environments, alleviation of body effects, 
and susceptibility to structure deformations. Despite slight 
variations in severity according to applications, most of these 
issues exist in the context of body-worn implementation. It 
is observed from the review that the most important aspect 
in the design is to minimize coupling to the body, prior to the 
addition of other features onto the antenna structure. This is 
aimed at ensuring a robust operation of the antenna on the 
body first, followed by other enhancements such as 
miniaturization and bandwidth broadening. Besides that, this 
will also enable the antenna to be operating in its highest 
possible efficiency, depending on the type of antenna 
topology chosen. Several methods in ensuring minimum 
degradation when working in proximity to the human body 
have been proposed. They include the use of large ground 
planes, ferrite-based substrates, thin mesh-wire planes, and 
metamaterial surfaces.  
Finally, the latest researches for two relatively attractive 
features for wearable antennas are reviewed – 
reconfigurability and power sustainability via energy 
harvesting. Despite rendering the design of these antennas 
even more challenging with such additional features, these 
features are foreseen to provide wearable antennas with the 
much-needed autonomy as part of a wearable device. 
Besides that, their reconfigurability, either in terms of 
frequency, radiation direction or polarization will enable 
their continued relevance with the progression of wireless 
communication towards the 5G and 6G eras.  
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